Introduction
Bending parts made of thin as well as of thick metal sheets are widely used in many industries such as automotive, shipbuilding and aerospace branches. While on the one hand, the requirements of the accuracy of both shape and dimension for such bending parts have permanently increased within the last 2 decades, the batch sizes, on the other hand, tended to shrink more and more and finally urged the manufacturers to produce good parts even for batch sizes of "1". The flexibility needed for this approach can be provided in a very good way by the use of the air bending process. Furthermore, this process allows to manufacture a great variety of bend angles with just one single tool. A promising approach for the generation of the required NC-data is the use of a process simulation. Nowadays, there exist three methods to simulate the air bending process. These are analytical approaches, semi-analytical process simulations, and the widely used finite element method. For reasons of simpler handling and shorter calculation times the semi-analytical approach is preferable to the other methods mentioned in areas like process planning, in production-oriented applications, or even for online process control. In this context, a new semi-analytical process simulation software called Sheet Metal Bending Simulation (SMBS) has been developed and successfully been tested at the IUL [1] . Although the results of the simulation are in general very satisfactory, disturbances such as material and batch variations as well as deflections of C-frame, machine table and press brake ram can negatively influence the calculated NC-data. In order to further enhance the process simulation results, a new program module taking into account the elastic behaviour of major press brake components has been developed and integrated into the process simulation SMBS.
In the following, after a short overview of the sheet metal bending simulation SMBS [1] , the developed deflection module as well as experimental investigations to verify the efficiency of the newly implemented approach will be presented.
Sheet Metal Bending Simulation
Structural Model of the Simulation of the Air Bending Process. The most important principle used in many approaches for the simulation of air bending consists of the replacement of the bending with transverse forces by a bending with pure moments. The transient air bending process is primarily determined by transverse forces, pressure loads, and friction. These external loads lead to spatial variable three-dimensional states of stress and strain in the sheet. The additional dependency of the spatial and time variable material properties does not only involve considerable mathematical problems, but substantially increases the time needed to solve the problem. To be able to solve the problem within acceptable time, the sheet is divided into small segments, each of which is assumed to be loaded with a constant bending moment, as shown in Fig. 1 . Fig. 1 . Structural model of the air bending process [1] The sole division of the sheet metal into segments is not sufficient, though because the equilibrium equations and the lever arms for the calculation of the bending moments constantly change during bending. A good way to overcome these problems is the use of a stepwise approach. While the stepwise approach itself is based on the incremental increase of the external loads, the calculation of the equilibrium equations of a current step is founded on the geometrical conditions of the corresponding previous step. For reasons of symmetry, it is sufficient to consider just one half of the sheet metal cross section [1] .
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Semi-analytical Simulation of the Air Bending Process. The process simulation SMBS [1] consists of three major modules (Fig. 2) . After the input of material, tool and workpiece parameters, the calculation module starts with the setting of some simulation parameters and the pre-calculation of the deformation history of an individual sheet metal segment. The most important result of this step is the so-called moment-curvature relationship, the dependency between the bending moment acting on the segment and the corresponding relative curvature. In the following calculations the entire sheet is composed of the previously specified number of segments. In dependence on their position within the bending line and their local load values, the segments will be deformed more or less intensive. The use of the segmental data in pre-calculated manner allows a considerable reduction of the overall computation time. Finally, as results the process simulation provides data such as:
• the variations of the loaded and unloaded bend angle,
• the springback angle and the punch force with the punch displacement as well as with the loaded and unloaded bend angle (important for generation of NC-data), • the unloaded and loaded bend lines (important for collision checks, determination of unfolded length). 
Improvement of the Sheet Metal Bending Simulation
As described above, a promising approach to further improve the shape and dimensional accuracy of the bending parts is the consideration of the elastic behaviour in the simulation of the air bending process. In general, the deviations of the resulting bend angle related to the elasticity of the machine components are more explicit for wide sheet metal parts as well as for the ones with increased thickness, for both of which the required punch forces are assumed to be relatively large values.
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In order to determine the deflection of the machine and to quantify its influence on the bending process, experimental investigations were carried out on a conventional CNC press brake at the IUL [3, 4] . From the data gained in these experiments, important quantities such as the stiffness of the Cframe and the stiffness of the press brake ram could be extracted. Based on this data, a new program module has been developed for the process simulation SMBS, which allows a realistic consideration of the elastic behaviour of the two major machine components under load: the C-frame and the ram of the press brake.
In the first step of the developed deflection compensation procedure, the process simulation SMBS delivers NC-data such as force-displacement curves, which are required for the new approach. An example for force-displacement curves predicted with SMBS is shown in Fig. 3 for the material X5 Cr Ni 18 10, at a sheet thickness of 6 mm and two different sheet metal lengths of 500 mm and 1000 mm. For these two exemplary cases SMBS calculated a maximum punch force of 640 kN and 320 kN for 1000 mm and 500 mm respectively.
Fig. 3. Predicted force-displacement curves with SMBS
In a second step, the algorithm implemented in SMBS calculates, based on this data, the amount of the deflection in dependency of the maximum punch force reached. To get an improved bending angle after springback, the value of the calculated deflection has been added to the existing punch displacement h p sim according to Eq. 1:
The deflection of the machine h deflection consists of the deflection of the C-frame and the deflection of the punch brake ram (Eq. 2):
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In order to calculate these deflections, an already determined stiffness [2] has been used. Fig. 4 illustrates the basic geometry of the C-frame of the investigated press brake and the parameters relevant for the calculation of the deflection. Based on experimental results [2] , it has been assumed that there is a linear dependency between punch force and deflection, and that the latter is reciprocally proportional to the stiffness as shown in equations Eq. 3 and Eq. 4: 
Experimental Investigations
As already indicated, experimental investigations have been carried out to verify the effectiveness of the newly developed module describing the elastic machine behaviour of press brakes. The bending tests were carried out on a conventional industrial press brake, an electrohydraulic CNC press brake (Hera COP 110/3100) with a maximum bending force of 1100 kN and an effective length of 3100 mm (Fig. 5) . The press brake used is equipped with a Cybelec DNC (Direct Numerical Control) to control the two principle axes (Y 1 , Y 2 ) for the punch displacement, the two axes X and R of the back gauge as well as the crowning device. It should be mentioned, that in Advanced Materials Research Vols. 6-8the experimental investigations the settings of the crowning device were determined by means of the DNC software based on the expected maximum punch force. The main tools were the punch and the die.
All specimens investigated had a length of 150 mm and two different widths of 500 mm and 1000 mm for the sheet thickness of 6 mm to show clearly the influence of the machine deflection. The bending operations referred to in this paper were performed in the 0°-direction (with respect to the rolling direction of the sheet). In order to ensure relatively high bending forces, the material X5 Cr Ni 18 10, which is in frequent use in industrial practice, with a Young's modulus of 181 GPa and a proof stress of 372 MPa has been selected for the experiments. In order to test the efficiency of the newly developed module which is implemented in SMBS, two different bending angles after unloading (60° and 90°) were chosen, which lead to relatively high bending forces for the selected material at a sheet width of 1000 mm. As a result of this, the negative effect of the deflection on the bending results can be observed in a very distinctive way. The bending tests were first carried out without, and later on with a correction of the punch displacement according to the amount of the machine deflection. Fig. 6 and Fig. 7 illustrate the effect of the machine deflection on the bending angle after springback for two different sheet widths of 500 mm and 1000 mm as well as for angles of 60° and 90°.
Due to the calculations carried out by means of the semi-analytical process simulation SMBS, the calculated maximal punch force for a width of 1000 mm has been 640 kN.
According to Eq. 2, the amount of the machine deflection in this case was 0.48 mm. For a sheet width of 500 mm the value of the correction has been 0.24 mm. The experiments indicated a significant improvement of the achieved bending angle after springback using the newly developed approach based on a model of the machine deflection. For greater values of the sheet width such as 1000 mm and larger, the effect of the machine deflection is clearly not negligible. But also for smaller widths the consideration of the elastic behaviour of the machine is an important quality factor. While the maximum deviations were not larger than 6.6° for all investigated metal sheets without considering the machine deflection, the maximum deviations have been considerably smaller at 3.6° when the corrected punch displacement has been used. 
Conclusions
To further improve the accuracy of the Sheet Metal Bending Simulation (SMBS) of air bending, a new module for the consideration of the elastic machine behaviour has been developed and successfully been implemented in SMBS. Experimental investigations have been carried out on a conventional CNC press brake to verify the efficiency of this enhanced approach according the calculation of punch displacements. The module presented is based on mathematical relationship between punch force and punch displacement and allows a significant improvement of the bending angle accuracy for the investigated air bending process. The maximum deviation in the experimental investigations has been 3.6° with considering the machine deflection. An important benefit which can be derived from the use of the presented process simulation in combination with the proposed machine deflection model is that the time consuming bend trials per product, which are often practiced in industrial sheet metal bending, can be at least significantly reduced, if not eliminated at all.
